) were obtained. The higher batch yields were attributed to pyruvate and formate consumption after the termination of cell growth.
In future biorefineries, sugar-derived fermentation products will replace numerous fossil-based chemical intermediates. The organic acid platforms form an integral part of these biobased replacement molecules, especially dicarboxylic acids, which allow various polymerization options. As expected, succinate is still considered one of the top 10 biobased products from biorefinery carbohydrates on the list of top biobased chemicals revisited by the U.S. Department of Energy. 1 Succinate can potentially replace a significant fraction of the petrochemical-derived maleic anhydride and 1,4-butanediol market from which the intermediate tetrahydrofuran is
produced. 2 Tetrahydrofuran is the building block used to produce elastic fibres and engineer thermoplastics. Succinate is also likely to replace adipic acid in the production of polyurethane from polyester polyols. 3 In addition, the market for polybutylene succinate, a polyester consisting of succinate and its hydrogenated alcohol product (1,4-butanediol) , is anticipated to grow rapidly within the next decade.
Introduction
oxidative part of the tricarboxylic acid (TCA) cycle or the glyoxylate shunt is used to generate the reduction power consumed in the reverse TCA pathway up to succinate. 11 Jantama et al. 12 developed a succinate-producing E. coli strain KJ 122, which can grow in the absence of complex nitrogen sources. All the genes responsible for byproduct formation were deleted, while the full TCA and glyoxylate cycle provided the oxidative machinery to prohibit, at least in theory, the necessary formation of byproducts. The reported batch yields of 0.96 g.g −1 suggest that either the oxidative TCA or glyoxylate cycle is used to generate reduction power, as redox balancing via acetate formation has a maximum theoretical yield of 0.87 g.g −1 when biomass formation is ignored. 13 E. coli KJ122 still produced small amounts of acetate; although the acetate amount was slightly reduced by the inactivation of phosphotransacetylase (E. coli KJ134), acetate formation was not terminated. Despite these small amounts of acetate, the yield characteristics and nutrient requirements of E. coli KJ122 remain promising and warrant further studies on the organism under different fermentation conditions.
Historically, genetic engineering has placed emphasis on high-value, low-volume products, such as pharmaceutical proteins, which require significant downstream purification due to regulatory standards. In a biorefinery, the emphasis will be on lowvalue, high-volume products such as ethanol, succinate and lactate. Therefore, the productivity, yield and outlet titre of the fermenter will play a crucial role in ensuring the feasibility of the biorefinery. 2, 14 Unfortunately, high titres typically lead to lower cell productivity, thereby decreasing the volumetric productivity. This effect can be countered by increasing the cell concentration, thus allowing higher throughputs and volumetric productivity at acceptable product titres. High-cell-density fermentation .
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In the current study, the E. coli KJ122 strain of interest was tested under continuous high-cell-density conditions. The aim was to establish the titre-volumetric productivity boundary while monitoring variations in the catabolic flux distributions affecting the overall succinate yield. Batch runs were performed in parallel to evaluate the advantages/disadvantages of the high-cell-density process. In the open literature, the reported fermentations of E. coli KJ122 and its sister strain E. coli KJ134 are restricted to batch and chemostat fermentations. 11, 12 However, this study presents the first continuous cell recycle fermentation of the strain. Succinate was produced using D-glucose as the main substrate in a minimal medium. Cell separation was achieved by external recycle using a hollow fibre filter (HFF) to extract the product.
Materials and methods

Microorganism and inocula
The modified strain of E. coli (KJ 122) was acquired from the Department of Microbiology and Cell Science of the University of Florida, USA, and used for all fermentations. The details of the performed gene modifications are provided in Table   1 . The culture stock was stored in a 66% w.w −1 glycerol solution at −40 °C. The inocula were incubated at 37 °C and 100 r.min −1 for 16-24 h in 50-mL Schott screwcapped bottles containing 30 mL of sterilized Luria-Bertani broth. Each inoculum was prepared from frozen stock cultures to prevent mutation. The purity of the inocula was tested by high-performance liquid chromatography (HPLC).The strain did not produce lactate or ethanol in detectable quantities and the inoculum was therefore deemed infected if either was detected.
Medium
Unless specified otherwise, all chemicals used in the fermentations were obtained from Merck KgaA (Darmstadt, Germany). A defined medium (AM1), developed by Martinez et al., 19 was used in all the fermentations. The concentrations specified for ) was used as the mobile phase, at a column temperature of 60 °C.
A 20-mL sample was taken from the bioreactor and centrifuged for 90 s at 17,000 r.min −1 . The supernatant fluid was filtered with a 0.2-μm filter, and 500 μL of the filtered sample was then transferred to an HPLC sampling vial and diluted with 1000 μL of filtered, distilled water.
For determining the cell density, the optical density (OD) at 660 nm and the DCW were measured. On comparing the OD measurements with the DCW, the continuous fermentation results showed a strong linear correlation between the data points, with an R 2 value of 0.88. However, the batch fermentations showed a weaker linear correlation, with an R 2 value of only 0.5. Therefore, only the DCW was used because it was considered to represent cell density better, especially as batch and continuous fermentations are compared in this study.
To calculate the DCW, the supernatant was drained after centrifugation, and the cell were considered inaccurate due to unavoidable errors in weighing the vials. autoclaved separately and mixed after cooling. The KOH reservoir was also autoclaved, but it was filled with base afterwards.
The reactor was filled with 1.5 L of medium, and the CO 2 flow was established to maintain a positive pressure in the reactor. After stabilizing the pH and temperature, 20 ml of the inoculum was injected into the reactor through a rubber septum at the head of the reactor.
The dilution due to KOH dosing and removal of metabolites due to sampling were considered by calculating the batch data in grams produced and then dividing by the initial batch volume of 1.5 L. As large samples were required for DCW analysis, it was (
Continuous fermentation with cell recycle
For continuous cell recycle fermentations, an autoclavable HFF was attached to the reactor. The HFF used consisted of a polysulphone membrane with a total membrane area of 1200 cm 2 and a nominal molecular weight cut-off pore size of 500,000 (UFP-500E-5A, GE Healthcare, Westborough, UK).The inlet and outlet of the HFF were connected to the reactor, using a peristaltic pump with a high flow rate to recirculate the medium at approximately 0.65 L.min 
Results and Discussion
Comparative batch fermentations
The results from the three batch fermentation runs are given in The good repeatability between the runs suggests that nutrient limitations had no effect on the production rates. The succinate production of runs 1 and 3 ceased towards the end of the fermentation, with sufficient glucose remaining in the fermenter
) and the DCW of biomass approaching zero. Pyruvic and formate (see Fig.   2 ) had similar time profiles to that of the DCW, where these acids were consumed after the maximum DCW value had been achieved. The turning point of all three profiles (DCW, pyruvate and formate) occurred close to 25g.L −1 succinate.
From the DCW turning point in Fig. 2 , it is evident that cell death and subsequent lysis occur towards the end of the fermentation. The decreasing leg of the DCW profile indicates that the rate of cell death and lysis exceeds the rate of cell production after 60 h. Succinate production and pyruvate/formate consumption still occurred after 60 h, albeit at a much lower rate, suggesting that metabolic activity had not ceased ) lower than the batch result from this study.
Continuous fermentations
The runs were performed at dilution rates of 0.05, 0.10 and 0.15 h −1 in no specific order. A section of the results can be seen in Fig. 3 . The amount of consumed glucose was used rather than the total glucose concentration, as the initial glucose concentration varied slightly during the continuous fermentations. Provided the steadystate criteria (see Section 2.5) were satisfied, at least four HPLC and DCW measurements were obtained within a steady state. All steady states at a given dilution rate (D) were maintained for at least 60 h. Two separate steady states were The DCW readings tended to decrease during steady-state periods, whereas the metabolite concentrations and dosing flow rates remained constant (see Fig. 3 ). This suggests that the DCW measurement does not reflect the active amount of biomass and that the inactive fraction varied for different readings. The highest DCW was observed after the dilution rate was switched from 0.05 h −1 to 0.15 h −1 (Fig. 3) , with an extremely high DCW reading of 31 g.L −1 occurring directly after the switch. This was most probably caused by a rapid transient reduction in the succinate concentration, which enhanced the cellular growth rate. This corresponds to the behaviour under batch fermentation where the growth rate is closely linked to the product titre, that is, fast at low-titre conditions. It is interesting to note that the succinate productivity of the 507-h sample (Fig. 3 ) is similar to that of the 619-h sample, despite a threefold decrease in DCW (31-9.8 g.L −1
). This suggests that severe cell death occurs shortly after the growth spurt initiated at 483 h, whereas cell lyses occurred at a slower rate.
DCW gradually declines until equilibrium is established between growth, death and lyses, as observed in the 0.05 h −1 responses in Fig. 3 . . However, succinate production does not cease beyond this terminal point, although it does decrease significantly. This production is most probably related to non-growth maintenance . This result will significantly affect the downstream processing costs, possibly outweighing the benefits of increased productivity.
From Fig. 4 (B) , it is evident that volumetric productivity increases significantly at higher dilution rates. An average productivity of 2.74 ± 0.08 g.L . The productivity trend in Fig. 4 (B) suggests that even higher productivities will be achieved at higher throughput (D), but at a lower succinate titre.
Reports of cell recycle succinate fermentation are rare in the open literature, especially with modified E. coli strains. Wang 25 used an ultrafiltration module to improve the performance of a fed-batch fermenter with modified E. coli. Although the differences in broth OD between the cell recycle and the system without any recycle were minimal, less by-product formation with cell recycle resulted in higher yields (0.7 g.g ). These provide confidence in the accuracy of the measurements and suggest that all catabolites have been accounted for. Therefore, the tested continuous data set can be used in a proper metabolic flux analysis, in which the accountability of all catabolites is very important.
In contrast to the continuous data set, the metabolic fluxes for the batch fermentations were not calculated, as the non-steady-state behaviour complicates the reconciliation of the measurements. Accordingly, only overall yields and general flux trends are discussed for the batch data, while proper flux quantification is performed for the steady state (cell recycle) data.
The metabolic flux model is based on the use of the oxidative TCA cycle to generate the reduction power required for homosuccinate fermentation. 11 It is also possible to use the glyoxylate shunt for the analysis. However, due to the direct similarity, only the oxidative TCA pathway was considered. A simplified version of the metabolic pathways of E. coli KJ 122 is presented in Fig. 5 . Pathways of acetate and formate formation were included, despite their deletion, because significant amounts of ) indicates the fraction of formed pyruvate that is excreted into the medium, probably due to a metabolic overflow from glycolysis. 12 For the perfect theoretical scenario, 11 Pyr out should be zero, whereas Pyr pdh and ACoA cit should be unity, whereby no formate, pyruvate or acetate is formed as catabolic products.
The results of the metabolic flux analysis are presented in Table 2 . The average production rates for each dilution rate is given in by-product formation due to the overall redox requirements. PEP pyr for homosuccinate fermentation will be 0.14 cmol.cmol −1 (Ref. [11] ), and the higher values obtained in the flux analysis reflect the significant amount of by-products formed.
The flux analysis results in Table 2 . It also likely that an activity increase in formate dehydrogenase is responsible for the observation since the flux analysis cannot distinguish between the Table 2 where more carbon is directed towards the reverse TCA branch at higher D. The end result is an increasing succinate yield at higher D. Lastly it is clear that the oxidative flux towards succinate remains minimal (ACoA cit ratio) and that most of the Acetyl-coA is converted to acetic acid. Improvement of this ratio will be crucial to further enhancing the succinate yield.
The best continuous yield of 0.77 g.g −1 is less than the overall batch yield of 0.85 g.g 
Conclusion
The study investigated the feasibility of continuous HCDF with modified E. coli KJ122.
It is apparent from the results that volumetric productivities can be significantly enhanced, but only below the critical succinate titre, close to 25 g.L −1 of succinate.
Evidence from batch and continuous runs suggests that growth above this critical titre is minimal or non-existent, while cell death is rapid and followed by lyses. This limits the achievable titre in continuous fermentations, while high volumetric productivities are only possible at higher throughput where the succinate titre is lower than the critical value. This fermentation process can be successfully implemented with a separation process, wherein the product titre is not the main cost driver.
The steady-state data exhibited proper mass balance closure and allowed for an indepth investigation into the internal flux distributions. It is evident that the oxidative flux to succinate is minimal, thus forcing the production of unwanted by-products. The overall succinate yield did increase with increasing dilution, mainly due to increased pyruvate dehydrogenase action. Unfortunately, the highest yields obtained are still on par with that of the native succinate producers where by-products such as acetate cannot be avoided. 13 Further, it is clear that the intended flux distribution did not fully succeed under conditions of high cell density.
Batch fermentation with E. coli KJ122 is still superior to continuous fermentation in terms of the final succinate titre and overall succinate yield. Its advantage includes the production of succinate due to the formate and pyruvate consumption during the nongrowth period of the fermentation, despite the rapid cell death and lysis that occurs in this period. Nevertheless, the continuous high-cell-density productivity is far superior with values up to fivefold higher than the average batch productivities. A detailed cost analysis will be required to weigh the advantages against the disadvantages.
Annex: Metabolic flux analysis calculations. Sample  D  v1  v2  v3  v4  v5  v6  v7  v8  v9  v10  v11  v12  v13  v14  v15 
